
Stripe (yellow) rust, caused by Puccinia

striiformis f.sp. tritici, is a major disease of wheat

worldwide (Stubbs 1988). The use of resistant

cultivars is an effective way to control the disease.

Race-specific resistance has been used exten-

sively, but this type of resistance is apt to be over-

come by new virulent races of the rust fungus

(Johnson 1981). Alternatively, a large number

of observations showed that the resistance in some

wheat cultivars remained effective for long time,

among which are the well-documented Cappelle

Desprez (Johnson 1981), Camp Remy (e.g. Mal-

lard et al. 2005), Nugaines and Luke (Milus

and Line 1986), Pavon 76 (William et al. 2003),

and the Yr18-involved cultivars including Anza

(e.g. Suenaga et al. 2003). This type of resistance

is more durable than race-specific resistance.

Johnson (1981) introduced the term “durable re-

sistance”, applied in cases when “resistance re-

mains effective in a cultivar that is widely grown

for a long period of time in an environment favor-

able to the disease”.

In the terms of acreage affected by stripe rust,

China is its largest epidemic region in the world

(Stubbs 1988). Scientific evidence indicates that

Xian Nong 4 (XN) and Aquileja (AQ) possess

quantitative, durable resistance to stripe rust

in China (Zhang 1995; Zhang et al. 2001). Despite

the practical value of these cultivars, knowledge

on their resistance inheritance is limited.

This work was performed (1) to detect if additive,

dominant, and epistatic effects are involved in the

inheritance, (2) to estimate the number of genes

segregating for the resistance, and (3) to estimate

the heritability of the resistance.

AQ and XN, together with the susceptible con-

trol cultivar Ming Xian 169 (MX), were used

as parents in crossings. AQ has the accession

No. PI393993 in the U.S. Department of Agricul-

ture GRIN (Germplasm Resources Information

Network http://www.ars-grin.gov) database, with

the pedigree of Tevere/Giuliani//Gallini. XN and

MX are deposited at the Institute of Crop

Germplasm Resources, Chinese Academy of Ag-

ricultural Sciences (http://icgr.caas.net.cn),

Beijing 100081, China, with accession Nos.

ZM023551 and ZM009379, respectively. Both

XN and MX are Chinese local cultivars with un-
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known pedigree. AQ, XN and MX were recipro-

cally crossed in all 6 combinations. Parents, F1, F2,

were planted in the fields in the 2003/2004 wheat

crop season, and parents, F1, F2, F3, BCP1 and BCP2

were planted in 2004/2005 in Beijing, China,

where wheat crop season lasts from October to the

following June. Fifteen seeds of each cultivar and

generation, spaced 10 cm apart, were sown a in

1.5-m long row. The rows of different generations

were intermixed, spaced 30 cm apart. The number

of tested plants varied: 20–52 for each parent,

7–52 for F1, 229–932 for F2, and 87–219 for each

backcrosses. For each combined reciprocal cross,

there were 140 F3 families with 40 plants in each

family. A single spore-derivative of stripe rust

fungus race CYR32 was used as pathogenic mate-

rial, which is virulent to Yr1, Yr2, Yr3, Yr4, Yr6,

Yr7, Yr9, Yr17, Yr22, Yr23, Yr27, YrA, YrCV1,

YrCV2, YrCV3, YrG, YrSD, and YrSO. Fresh

uredospores suspended in water containing 5‰

Tween20 were evenly atomized onto the plants.

The plants were next covered with plastic film to

facilitate infection overnight. The temperature

was 10–16oC at night. Disease severity (DS) was

recorded as percentage of leaf area with stripe rust

symptoms, and infection type (IT) was recorded

on a scale of 0–9 (McNeal et al. 1971) for each

plant between anthesis and the milk stage of devel-

opment.

The number of segregating genes was esti-

mated from Wright’s formula (1968). Heritability

was estimated by using variance analysis

(Burnette and White 1985) and F2/F3 correlation

coefficients (Frey and Horner 1957). Genetic com-

ponent analyses were performed with the use of

joint scaling tests (Mather and Jinks 1982) on P1,

P2, F1, F2, F3, BCP1 and BCP2. Eleven models were

tested for fitting: m[d], m[h], m[d][h], m[d][i],

m[h][l], m[d][h][i], m[d][h][j], m[d][h][l],

m[d][h][i][j], m[d][h][i][l], m[d][h][j][l], where

m = mean of all possible homozygotes, d = additive

component, h = dominance component, i = addi-

tive-additive interaction, j = additive-dominance

interaction, and l = dominance-dominance interac-

tion. The �
2 test was conducted to test the good-

ness of fit of each genetic model with P > 0.25

as criterion. Student’s t-test was conducted to test

the goodness of fit of individual genetic compo-

nents with P < 0.05 as criterion. The model was ac-

cepted if it fitted the experimental data by �
2 test

and simultaneously each of its components was

significantly different from zero by t-test.

Our results showed that there was no signifi-

cant difference between reciprocal F1 or F2 genera-

tions of any cross (data not shown), suggesting no

cytoplasmic inheritance. This is in agreement with

the findings reported by Milus and Line (1986).

In some other cases, however, cytoplasmic inheri-

tance was observed (e.g. Chen and Line 1995a).

It seemed that in some cultivars resistance was re-

lated to cytoplasm, while in some others it was not.

Means, standard deviations, and ranges of IT

and DS for the parental, F1, F2, F3, BCP1 and BCP2

generations are listed in Table 1.

On the basis of these means and standard devi-

ations, genetic components were analyzed.

The accepted models are listed in Table 2, while

unaccepted models are not shown. It can be seen

that acceptable models were identified for both IT

and DS in every cross with the exception that no

model was acceptable for DS in cross AQ/XN.

In the cross MX/AQ, m[d] was accepted for both

IT and DS, and no significant dominant and

epistatic effects were detected. In the cross
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Table 1. Generation means ± standard deviation, and range of infection type (IT) and disease severity (DS) in the

wheat crosses MX/AQ, MX/XN and AQ/XN infected with Puccinia striiformis race CYR32

Cross Trait P1 P2 F1 F2 BCP1 BCP2 F3

MX/AQ IT 8.9 ± 0.1
8–9

4.6 ± 1.2
3–6

7.8 ± 1.1
5–9

6.1 ± 1.7
1–9

7.2 ± 1.1
4–9

5.6 ± 2.4
3–7

5.0 ± 1.5
1–9

DS 83.5 ± 5.9
70–100

29.5 ± 9.9
10–40

41.5 ± 9.8
30–50

53.6 ± 19.2
5–100

58.8 ± 16.2
20–80

32.0 ± 28.0
10–50

35.6 ± 17.2
10–100

MX/XN IT 8.9 ± 0.1
8–9

1.1 ± 0.1
1–2

3.2 ± 2.2
2–5

2.0 ± 1.9
1–9

5.8 ± 1.9
3–9

1.1 ± 0.7
1–3

2.5 ± 2.6
1–9

DS 78.8 ± 6.8
70–100

35.6 ± 10.2
5–40

28.6 ± 9.8
5–40

21.7 ± 17.8
5–80

54.7 ± 26.4
5–80

29.3 ± 11.8
5–40

16.4 ± 17.5
5–60

AQ/XN IT 4.6 ± 1.7
3–6

0.9 ± 0.2
0–2

0.8 ± 0.5
0–2

1.3 ± 1.2
1–5

1.7 ± 1.6
1–4

0.9 ± 0.4
0–2

2.4 ± 1.6
1–5

DS 9.9 ± 3.9
5–20

6.8 ± 2.6
5–20

4.3 ± 2.8
1–10

5.9 ± 3.3
1–20

6.3 ± 4.9
1–20

5.7 ± 2.6
1–20

23.5 ± 12.9
1–40



MX/XN, m[d][h] and m[d][i] were accepted for

both IT and DS. These results suggested that dom-

inant effect [h] and additive-additive interaction

[i] were involved in this cross as well as additive

effect [d]. The preponderance of [d] over [h] or [i]

can be shown by examining their t values. In the

models for IT, the t value of [d] was higher than

56, while the t values of [h] and [i] were –3.33 and

3.51, respectively. These results suggest that the

additive component is much more important than

the dominant component and additive-additive

component. Furthermore, the additive-additive

component itself is also fixable, like the additive

component. Therefore, it can be concluded that

fixable components prevailed for IT in the cross

MX/XN, although the dominant component was

detected. For DS in the cross MX/XN, however,

the importance of [d] over [h] and [i] is not as

prominent as for IT. In the cross AQ/XN, m[d][h]

was accepted for IT, while no model was accept-

able for DS. These results are similar to those re-

ported by Milus and Line (1986b) and Chen and

Line (1995a). The preponderance of fixable com-

ponents for quantitative resistance in wheat to

stripe rust has also been evidenced by some recent

reports (Suenaga et al. 2003; Navabi et al. 2004;

Mallard et al. 2005).

The estimated numbers of genes are listed in

Table 2. In the cross AQ/XN, 3 genes segregated

for both IT and DS. In the cross MX/AQ,

1–2 genes segregated for IT and DS. In the cross

MX/XN, 2 genes segregated for DS. It can be no-

ticed that 7 genes segregated for IT, which might

be an overestimation of the true number of resis-

tance genes because of the high environmental

variation associated with IT in XN. Overestimation

of gene number due to a high environmental varia-

tion was also reported by Milus and Line (1986a).

These results suggest that the resistance in AQ and

XN is generally conferred by oligogenes.

It is noticeable that the heritability values esti-

mated by using F2 variance analysis are generally

greater than or close to their respective values esti-

mated by using F3/F2 correlation coefficients (Ta-

ble 2). This is in agreement with the genetic

expectation that the heritability estimated by F2

variance analysis is in the broad sense and the

heritability estimated by F3/F2 correlation coeffi-

cients is in the narrow sense. The heritability esti-

mated by F3/F2 correlation represents additive

genetic variance plus a quarter of dominant vari-

ance (Mather and Jinks 1982). Our results on ge-

netic components, as described above, showed

that the additive component and additive-additive

interaction component preponderated in the inher-

itance of resistance. This implies that a quarter of

dominant variance would be small in magnitude.

The heritability estimated in the present study is

lower than those estimated by using other methods

(e.g. Chen and Line 1995b; Mallard et al. 2005).

According to Mather and Jinks (1982), the

heritability estimated by F2/F3 correlation coeffi-

cients would be more reliable but conservative.

In summary, fixable genetic components pre-

ponderated in the inheritance of resistance in the

wheat cultivars AQ and XN, while the dominant

component could be detected in some cases.

The resistance was conditioned generally by

oligogenes. Heritability of the resistance was

moderate in most cases.
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Table 2. Heritability, estimated number of genes, and genetic components of resistance to stripe rust in the wheat

crosses MX/AQ, MX/XN and AQ/XN infected with Puccinia striiformis race CYR32

Cross Trait

Heritability Estimated
number of

genes

Accepted
model

Genetic com-
ponent fitted

t-value for this
component

F2 variance
components

F3/F2 correla-
tion

MX/AQ IT
DS

0.69
0.79

0.50
0.67

1.3
1.5

m[d]
m[d]

[d]
[d]

5.08***
5.40***

MX/XN IT 0.55 0(?) 7.2 m[d][h] [d]
[h]

56.78***
–3.33**

m[d][i] [d] 56.77***

[i] 3.51***

DS 0.74 0.54 1.9 m[d][h] [d] 3.94***

[h] –2.60*

m[d][i] [d] 3.58***

[i] 3.22**

AQ/XN IT 0.38 0.33 3.1 m[d][h] [d] 2.27*

[h] –1.99*

DS 0.63 0.62 3.2 – –

*, ** and *** denote that the value was significantly different from 0 at P < 0.05, P < 0.01 and P < 0.001, respectively
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